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Donald R. Dengel, PhD, and Justin R. Ryder, PhD Abstract: Until recently cardiovascular disease is often thought of as a disease that manifests itself during middle age. Researchers and clinicians have begun to realize that the initial signs of cardiovascular disease begin early on in childhood with changes present in both vascular structure and function. This increased recognition has resulted in considerable effort to develop accurate and reliable methods to measure as well as track changes in vascular structure and function applicable to study this process in children and adolescents. Certain genetic abnormalities and chronic diseases, which present or emerge in childhood often result in meaningful changes to vascular structure and function, which aid in our understanding of the vascular disease process. In this review, we will discuss different methods of assessing vascular structure and function, the diseases in childhood associated with decrements and maladaptive changes in the vascular system, and whether modification of lifestyle (ie, weight loss, dietary and/or exercise changes) can affect vascular structure and function in children.
Keywords: endothelial dysfunction; ultrasound imaging; cardiovascular disease risk factors; intima-media thickness A lmost a quarter of all deaths in the United States are related to heart disease making it the number one cause of death. 1 Heart disease is not just a health concern for the United States but on a global scale, it is also the leading cause of death. 2 Given the impact that cardiovascular disease (CVD) has on mortality worldwide, early identification of the disease has garnered considerable attention. Because of this interest, several noninvasive methods have been developed to assess both vascular structure and function, which are associated with difference stages of the development of CVD.
Cardiovascular disease is typically thought to occur around middle age when the clinical outcomes of heart disease often present themselves. However, the process of atherosclerosis starts early in childhood where postmortem studies have reported fatty streaks and atherosclerotic plaque formation in the intimal of large arties (ie, aorta and carotid). 3, 4 In addition, many health conditions and chronic disease states that emerge in childhood are associated with declines in endothelial function, greater arterial stiffness, and adverse thickening of the arterial lumen. This review will briefly describe the structure and function of the artery and detail some of the various methods used to measure these features in children and adolescents. We then review different pediatric health status and chronic disease states that are associated with maladaptive consequences for vascular structure and function. In an effort to compare different research studies we will confine our examination to those studies that include a comparison or control group which is then examined against the disease state or health status in question as we feel this enhances the internal validity of these studies, which are mostly crosssectional in nature. Furthermore, we will attempt to allude to the potential mechanisms that may be underlying the changes in vascular structure and function due to the health conditions and chronic disease states discussed. Finally, we will explore various lifestyle modifications (eg, weight loss, exercise, etc) and their effect on vascular structure and function.
Measuring Vascular Structure and Function
There are a number of invasive and noninvasive methods to measure both arterial structure and function. 5 In children and adolescents, noninvasive methods to measure arterial structure and function are really only considered. 6 These noninvasive methods are predictive of adulthood CVD and are associated with more invasive techniques used to measure arterial structure and function. [7] [8] [9] While the clinical utility of these tools may be limited, the offer an ideal research tool for understanding the pathophysiological development of CVD and a window into characteristics that contribute to accelerated atherosclerosis.
Arterial Structure

Carotid Intima-Media Thickness
To assess arterial structure in both adults and children, high-resolution B-mode ultrasound is commonly used to assess carotid intima-media thickness (cIMT). Typically, measurements are made in the left common carotid artery; however, measurements of intima-media thickness can be made at other sites in both the left and right carotid artery (ie, internal, external, bulb) as well as other arteries in the body. Multiple measurements of the far carotid wall are taken about 1 to 2 cm proximal to the bifurcation. These measurements should be taken at the end of diastole (R wave on electrocardiography). Once measurements are obtained a mean value, typically of 6 to 12 measurements, for the selected areas thickness is calculated using automated wall-tracking software to improve reproducibility and reliability. 6 For an extensive guide to cIMT testing in pediatric populations we refer readers to an American Heart Association scientific statement by Urbina et al. 6 
Coronary Artery Calcification
Coronary artery calcification (CAC) is a measure of arterial structure and is measured using electron-beam computed tomography (CT). Insoluble calcium deposits within atherosclerotic plaques are a hallmark of atherogensis. Calcified lesions when detected in vivo, accurately predict the presence of atherosclerotic plaque, and they occur exclusively when coronary atherosclerosis is present. 10 The criteria used for electron-beam CT determination of CAC has been previously established. 11 However, despite the accuracy and utility of CAC for measuring arterial structure, the high cost of CT along with the radiation exposure needed, has made this technique limited to youth whom are at very high risk for overt cardiovascular events and whom may be in clinical trials. 6 However, of the measures CAC may have the most clinical application, as it can be reliably graded in terms of risk stratification. 6 
Arterial Function
Arterial function typically involves determining the ability of the artery to vasodilate in response to some physical or pharmacological challenge. A variety of methods have been developed to evaluate arterial function; however, noninvasive measurements of arterial vasoconstriction and dilation using ultrasound imaging of the brachial artery are the most common technique used.
Flow-Mediated Dilation
Flow-mediated dilation (FMD) is sometimes referred to as endothelialdependent dilation and is typically examined via ultrasound imaging of the brachial artery. Duplex ultrasound for simultaneous acquisition of B-mode diameter and pulsed-wave Doppler velocity signals is typically used to account for changes in baseline artery diameter along with shear rate. 12, 13 After 20 minutes of supine rest, a baseline image of the brachial artery diameter is measured for 1 minute. After baseline images are acquired, a blood pressure cuff is placed on the forearm about 1 cm below the antecubital fossa (elbow joint). The cuff is inflated for 5 minutes to >200 mm Hg or 50 mm Hg above systolic blood pressure. Image acquisition begins again 1 minute prior to cuff deflation and continues to be acquired for 3 minutes post-cuff deflation. Continuous edge detection and wall tracking should be used to capture changes in peak diameter that occur.
Flow-mediated dilation is affected by both baseline vessel diameter and by peak shear rate during the reactive hyperemia induced post-cuff occlusion. It is recommended that adjustment be made for these variables in statistical analysis to account for any potential confounding. While no one method has been established for properly accounting for these variables, several have been proposed which involves either allometric scaling, dividing FMD by shear rate, or using them as covariates in statistical analysis similar to age and sex effects. 13, 14 Nonetheless, accounting for both baseline artery diameter and shear rate should be considered for interpretation of results. For a more complete understanding of the physiological and methodological considerations for FMD testing we refer readers to 2 excellent articles by Thijissen et al 12 and Harris et al. 13 
Endothelial-Independent Dilation
Endothelial independent dilation (EID) measures the arterial changes induced by administration of a sublingual dose of nitroglycerin, which reflects predominantly the smooth muscle response of the artery. EID is measured through noninvasive ultrasound, similarly to FMD, the only real differences are the stimulus used to induce vasodilation is different and the length of the measurement period. Typically, the EID measurement period is extended to 5 minutes to capture the peak vasodilation and edge-detection software used to track the change in artery diameter over time. 15, 16 A peak dilation and area underthe-curve can be used as an assessment of smooth muscle function. Similar to FMD, baseline artery diameter can affect the results of EID measurement and should be taken into account in analysis. It should be noted that while considered a safe and reliable test for assessment of smooth muscle function, the use of sublingual nitroglycerin in pediatric populations may limit its applicability.
Arterial Stiffness
Arterial stiffness is a property of the artery that involves not only the structure of the blood vessel, but also the function of the artery. In addition, the arterial pressure is also a major determinant of arterial stiffness for as the arterial pressure increases so does the arterial stiffness. 17 There are a number of ways to measure the different facets of arterial stiffness with the most commonly used methods being (a) measurement of pulse-wave velocity (PWV) and (b) calculation of the change in diameter (or area) of an artery with respect to the distending pressure (ie, compliance and distensibility).
Pulse-Wave Velocity
Pulse wave velocity is a measure of the velocity of the arterial pressure wave propagation and is used as a surrogate measure of arterial wall stiffness. PWV can be measured in a variety of noninvasive ways, with peripheral artery tonometer emerging as the most often utilized method to make these measures of stiffness. Locations that are often examined are carotid, radial, brachial, femoral, and ankles. 18 Arterial waveforms are recorded at each site and the time delay between the arrival of a predefined point on the waveform from the proximal to peripheral arterial location is obtained by gating to the peak of the R wave on the electrocardiogram. Measurement of distances on the body surface allows an estimate of the distance traveled. PWV is then calculated as distance/time (m/s). 19 For an extensive guide to PWV testing in pediatric populations, we refer readers to an American Heart Association scientific statement by Urbina et al. 6 
Compliance and Distensibility
Compliance and distensibility are measures of arterial elasticity that can be measured in all arteries but commonly taken during carotid measurements. Compliance is the absolute change in arterial volume that reflects the arterial ability to store volume and reduce pressures, whereas distensibility is the relative change in arterial volume against the change in pressure and reflects the mechanical load placed on the arterial wall. 20 Compliance and distensibility are typically measured using ultrasound at the left common carotid artery, approximately 1 cm proximal from the carotid bifurcation bulb. The left common carotid artery's lumen diastolic and systolic diameters are recoded with images collected for 10 seconds to ensure the capture of full arterial diameter change during a cardiac cycle. The mean diameter through the 10-second cycle is then used to calculate compliance and distensibility. The minimum (diastolic) arterial lumen diameter, the maximum (systolic) arterial lumen diameter, and pulse pressure are used in different equations for determining each variable for compliance and distensibility. A comprehensive list of each formula can be found in our groups' prior work. 21 For a guide to the mathematical models used to compute carotid compliance and distensibility, we refer readers to a recent publication from our group. 21 
Influence of Chronic Disease on Vascular Structure and Function
A number of childhood health conditions and diseases can affect vascular structure and function ( Table 1) . Researchers have employed 2 basic types of research designs: cross-sectional or longitudinal. Cross-sectional and longitudinal designs can be used to address the same question; however, the longitudinal research design is more powerful but takes more time to complete the data collection and resources than the cross-sectional research design. The next sections explore the effect of these childhood health conditions and diseases on both vascular structure and function.
Congenital Heart Diseases
Individuals born with congenital heart diseases, due to advances in clinical care are surviving considerably longer with mortality shifting into adulthood. 45 As a consequence, several congenital heart diseases have been associated with vascular dysfunction, which leads to greater CVD risk in adulthood. One of the most common congenital heart diseases is tetralogy of Fallot, a combination of 4 heart defects that commonly occur together (Table 1) . A study by de Groot and colleagues, 26 examined whether children with repaired tetralogy of Fallot had vascular dysfunction compared with age-matched controls. They observed that children with tetralogy of Fallot had impaired Table 1 .
Effect of Pediatric Diseases and Disorders on Vascular Structure and Function.
Diseases and Disorders
No. of Participants
Vascular Function
Vascular Structure Arterial Stiffness Reference ADHD (treatment) n = 85 (ADHA medications); n = 53 (control)
Chronic renal disease (treatment) n = 10 (dialysis); n = 10 (control)
FMD ↓ 23
Cancer survivor (treatment) n = 319 (cancer); n = 208 (control) FMD and an increased wall/lumen ratio in the femoral artery compared to the age-matched controls. Despite these differences, no differences between groups were found for the femoral, brachial, and carotid artery diameter. A trend toward elevated cIMT was also observed in the children with tetralogy of Fallot. 26 These data highlight that under repaired conditions, endothelial dysfunction and potentially maladaptive consequences for vascular structure are occurring in youth with tetralogy of Fallot.
Children who have undergone the Fontan procedure, which involves diverting venous blood from the right atrium to the pulmonary arteries without passing through the morphologic right ventricle, also exhibit vascular dysfunction. 46 Jin et al 46 observed that Fontan patients compared with controls had significantly reduced FMD (6.5% ± 2.4% vs 11.1% ± 1.4%, respectively; P < .001), reduced EID (13.3% ± 5.2% vs 19.4% ± 6.2%, respectively; P = .035), and higher cIMT (0.44 ± 0.07 vs 0.38 ± 0.06 mm, respectively, P = .008) ( Table 1) .
These declines in endothelial function are also present in children with irreversible pulmonary hypertension due to cyanotic and acyanotic congenital heart disease. 47 Compared with the control group, FMD was significantly reduced in the cyanotic group (5.3% ± 2.4% and 9.5% ± 2.6%, respectively; P < .001) ( Table 1 ). No significant difference was observed between the groups in cIMT. These data are suggestive that most forms of congenital heart disease have adverse consequences for arterial structure and function. These likely contribute to higher CVD disease progression and event rates in adulthood.
Type 1 and 2 Diabetes Mellitus
Adults with type 1 and 2 diabetes mellitus, even under well-controlled conditions, are at significantly elevated risk for developing CVD, as well as CVD morbidity and mortality. 48, 49 Children with type 1 diabetes, with a duration of less than 5 years, have already started to exhibit some of the early subclinical manifestations of the atherosclerotic process. [27] [28] [29] [30] Järvisalo and colleagues 30 compared youth with type 1 diabetes with healthy, age-matched controls and observed that youth with type 1 diabetes had significantly lower FMD (4.4% ± 3.4% vs 8.7% ± 3.6%, respectively; P < .001) and higher cIMT (0.47 ± 0.03 vs 0.43 ± 0.03 mm, respectively; P < .001) ( Table 1) . These data are supported by Ce et al, 29 whom additionally observed youth with type 1 diabetes to have significantly impaired EID compared with healthy controls (22.3% ± 9.8% vs 29.3% ± 4.2%, respectively; P = .02). Importantly, both studies demonstrate vascular dysfunction without the presence of adverse levels of traditional CVD risk factors (ie, low-density lipoproteins, high-density lipoproteins, triglycerides, and systolic blood pressure) suggesting a potential alternative mechanism of action. Fortunately, physical activity may be able to mitigate some of the deleterious effects of type 1 diabetes on vascular structure and function. Trigona et al, 28 while observing that youth with type 1 diabetes had reduced FMD, higher cIMT, and reduced EID, similar to findings of others, additionally observed that youth with type 1 diabetes who meet current evidenced-based physical activity recommendation (>60 min/d), 50 were protected against endothelial dysfunction exhibiting similar levels as that of healthy controls (Table 1) .
Type 2 diabetes also has important vascular consequences. Naylor and colleagues, 31 observed that youth with type 2 diabetes when compared with a lean control group, exhibited significantly reduced FMD (7.9% ± 0.5% vs 10.4% ± 1.0%, respectively; P < .05) and has significantly higher cIMT than lean and obese controls (0.54 ± 0.01 vs 0.46 ± 0.02 vs 0.46 ± 0.02 mm, respectively, all Ps < .01) ( Table 1 ). In a more comprehensive study of carotid structure and function, Urbina et al, 32 observed youth with type 2 diabetes to have significantly greater cIMT than lean and obese participants for the common carotid artery and carotid bulb but did not differ for the internal carotid artery (all Ps < .05) ( Table 1 ). The group with type 2 diabetes also had greater carotid interelastic modulus (cIEM) and other measures of arterial stiffness than lean participants, but did not differ from obese participants. Potentially, the most important findings from Urbina et al, 32 were the age-related increases in cIMT observed in youth with type 2 diabetes. While the trajectory (slope) of increase in cIMT across age was flat (no increase) in lean youth, youth with type 2 diabetes had a significant increase across age, which is indicative of faster progression of subclinical atherosclerosis. Taken together and with support of adult data, pediatric type 1 and type 2 diabetes, places an increased burden of CVD through a pathway of endothelial dysfunction, arterial stiffness, and vascular structure abnormalities.
Obesity, Metabolic Syndrome, and Comorbid Conditions
There is conflicting evidence on whether obesity is associated with endothelial dysfunction, increased cIMT, and arterial stiffness. As for endothelial function, the largest body of literature lies on the side suggesting that obesity in childhood is associated with endothelial dysfunction. 41, 42, [51] [52] [53] [54] [55] However, there are several studies that show no relationship between obesity and endothelial function in youth, 31, 56 and more recent evidence showing obesity is associated with greater FMD (Table 1 ). 43 Several of the studies that support obesity being positively associated with endothelial dysfunction are limited by small samples sizes (n = 10-40) and lack of control for important variables such as pubertal maturation, gender, and brachial artery diameter. Nevertheless, they consistently reported endothelial dysfunction in youth with obesity compared to lean and overweight youth. [51] [52] [53] [54] [55] Recently, these findings have been called into question. In the largest study to date (n > 6000), Charakida et al, 43 in a group of mostly prepubertal children, reported that obese children had larger brachial artery diameters, increased blood flow, and marginally increased endothelial function measured by FMD compared with normal-weight and overweight children ( Table 1 ). In addition, they show that an increase in dual energy x-ray absorptiometry (DXA)-derived body fat to be associated with increased FMD after controlling for age, sex, and baseline artery diameter. These data suggest that in childhood, excess body fat may offer vascular protection, which might offer a "window of opportunity" to prevent declines in vascular function observed in obesity in adulthood. What mechanism(s) may be regulating vascular protection in obese youth requires further investigation. Moreover, understanding the longitudinal timecourse by which obesity become consistently maladaptive may provide important implication in terms of intervention timing and robustness of interventions strategies need to prevent further declines in obesity-related vascular dysfunction.
It could be hypothesized that it may not be obesity per se that results in vascular dysfunction but instead a constellation of risk factors, including abdominal obesity, known as the metabolic syndrome which exacerbates vascular abnormalities in youth. Mimoun and colleagues 37 examined whether differences in vascular structure and function existed in obese youth with and without the metabolic syndrome using multiple definitions of the metabolic syndrome. Despite youth with the metabolic syndrome exhibiting multiple risk factors, they observed no differences in FMD, cIMT, EID, or arterial stiffness between obese youth with and without the metabolic syndrome (Table 1) . 37 Moreover, no significant relationships between body mass index (BMI) z-score and FMD, cIMT, EID, or arterial stiffness were observed, giving further support that obesity in childhood may not be associated with vascular dysfunction and structural abnormalities. However, it should be noted it may be necessary for obese youth to exhibit a proinflammatory state, which often accompanies obesity, in order for endothelial dysfunction to be present. 42 Thus, more clarity is needed to fully elucidate why some obese youth exhibit a compromised vascular system and while others have yet to exhibit issues.
However, obesity is associated with a number of comorbid conditions, which in youth are associated with vascular dysfunction. In a study of youth with severe obesity, Dubern et al, 44 observed that youth with chronic obstructive sleep apnea to have reduced EID in comparison with severely obese youth without (14.1% ± 1.0% vs 18.0% ± 1.1%; P = .02) and increased arterial stiffness measured by cIEM (Table 1 ). However, despite the decline in smooth muscle function and increased arterial stiffness, no differences were observed for FMD or cIMT.
Another common condition observed in youth with obesity is nonalcoholic fatty liver disease (NAFLD). Diagnosis of NAFLD is challenging, with primary criterion being based on a liver biopsy, which is not routine in clinical practice or research studies. Noninvasive tools (ie, ultrasound and magnetic resonance imaging) for measuring liver fat are often used a surrogate indicators for hepatic fat content. Weghuber and colleagues 40 using magnetic resonance imagingdefined criterion for diagnosis of NAFLD (hepatic fat fraction >5.5%) observed obese youth with NAFLD to have no difference in FMD compared with obese youth without NAFLD (Table 1) . However, these data are in conflict with findings from Pacifico et al, 39 who observed that youth with ultrasound and biomarker (ie, liver enzymes) defined NALFD to have reduced FMD and higher cIMT compared with obese and normal-weight controls without NAFLD. While the study by Weghuber et al 40 presents with a more robust diagnostic criterion for NAFLD, the study from Pacifico and colleagues 39 is supported by a sample size that is more than 10 times larger (n = 28 vs 400, respectively). Therefore, more definitive studies need to be undertaken in order to address the effects of NAFLD on arterial structure and function in youth.
Other Common Pediatric Diseases
Kadono and colleagues 27 first observed that youth who survived Kawasaki disease had significantly impaired FMD compared with normal-weight controls and youth with type 1 diabetes (Table 1) . Despite this decline in endothelial function, youth with Kawasaki disease did not exhibit higher cIMT or differences in vessel diameter (arterial remodeling). In subgroup analysis, these observed youth who exhibited an aneurysm had significantly impaired endothelial function in comparison with youth with Kawasaki disease without an aneurysm. These data suggest that the inflammatory effects of Kawasaki disease have adverse consequences for endothelial function, which likely contributes to long-term vascular consequence placing youth at higher risk for premature CVD in adulthood.
Inflammatory bowel diseases, which include Crohn's disease and ulcerative colitis, are chronic inflammatory conditions which involve intestinal immune systems. Since, inflammation plays a key role in the pathogenesis of CVD, it is likely that peripheral inflammatory conditions such as inflammatory bowel diseases have effects on vascular structure and function. Aloi et al 36 observed patients with Crohn's disease and ulcerative colitis to have significantly reduced FMD and higher cIMT than healthy control without inflammatory bowel diseases (Table 1) . Furthermore, they demonstrated the association between cIMT and inflammatory bowel disease to be independent of BMI but associated with systemic inflammation measured by high-sensitivity C-reactive protein, suggesting inflammation as a potential mediator.
Cystic fibrosis is a genetic disorder that not only affects pulmonary function but also, due to the impairment in oxygen saturation ability, causes systemic organ dysfunction. Poore et al 25 demonstrated that youth with cystic fibrosis have significantly reduced FMD in terms of both percent dilation and area under the curve (AUC) compared with healthy controls ( Table 1 ). The impairment in endothelial function was associated with lung function and exercise capacity, suggesting reduced oxygen saturation and impaired fitness likely play an important role in the dysfunction observed.
Familial hypercholesterolemia (FH), an inherited disorder that affects lipoprotein metabolism resulting in increased low-density lipoprotein cholesterol and total cholesterol that are much higher than normal even under well-controlled dietary conditions. Several studies have shown that youth with FH have reduced endothelial function as measured by FMD (Table 1) . 33, 34 Furthermore, Charakida et al 33 showed youth with FH to have impaired smooth muscle function as measured by EID compared with controls. Interestingly, Vlahos and colleagues 34 demonstrated that despite endothelial dysfunction, youth with FH (age = 12 ± 2 years) had no difference in cIMT or PWV compared with healthy controls. However, in a sibling casecontrol study, which likely offers better control for genetic variability, youth with FH exhibited significantly elevated cIMT in comparison with their siblings. 38 Together, these data suggest that youth with FH exhibit a vascular profile that places these youth at very high risk for future CVD complications.
Mucopolysaccharidoses (MPS) is a group of inherited systemic diseases in which glycosaminoglycans are deposited throughout the body resulting in multiorgan dysfunction, in particular glycosaminoglycans are deposited in the myocardium, the cardiac valves, the great vessels and the coronary arteries. Wang and colleagues 24 compared children whom were receiving treatment for MPS with healthy controls. Despite treatment, youth with MPS exhibited higher cIMT, increased cIEM, and decreased cCSD compared with healthy controls (Table  1) . 24 These data suggest that arterial structure thickening and stiffness likely contribute to the higher CVD mortality often observed in youth with MSP.
Treatments for Cancer, Chronic Kidney Disease, and Attention Deficit/ Hyperactivity Disorder
Cancer is the leading cause of death among young children (age 1-14 years). 23 Because of advances in medicine, survival rates have increased among this population. Childhood cancer survivors, thus represent a unique study population for examine the effects of the often lifesaving treatments on arterial structure and function. Our group has demonstrated that children who survive leukemia have reduced FMD, EID, cCSD, and higher cIEM with no differences in cIMT or lumen diameter (LD) compared with noncancer sibling controls. Furthermore, survivors of central nervous system tumors had reduced EID and cCSD with no differences in FMD, cIEM, or cIMT observed. Interestingly, youth who survived solid tumors exhibit no declines in any of the measures of arterial structure or function (Table 1) . 57 These data suggest that compared with sibling controls, childhood cancer survivors have differences in both vascular structure and function that were present relatively soon after treatment. This likely contributes to the high CVD mortality rate among youth receiving treatment for cancer.
Cardiovascular complications are the leading cause of death among children with end-stage renal disease. 58 Lilien and colleagues 59 demonstrated that youth with end-stage renal disease on dialysis had impaired FMD compared with healthy controls (6.0% ± 4.1% vs 14.2% ± 5.8%, respectively; P = .002) ( Table 1 ). They further demonstrated that hemodialysis induced a further decline in FMD at 30 minutes posttreatment. These differences in FMD were observed without difference in vessel diameter or distensibility. This study demonstrates that the acute treatment and chronic effects of kidney disease result in endothelial dysfunction.
Attention deficit/hyperactivity disorder (ADHD) is a commonly diagnosed and treated childhood psychological condition. 60 The treatment of ADHD often involves the use of stimulants, which affect the central nervous system. Kelly and colleagues 61 investigated the effects of children currently taking medication for treatment of ADHD compared with healthy, nonmedicated controls ( Table 1 ). They observed that youth being treated for ADHD with stimulant medication had significantly higher carotid augmentation index (AI) and PWV than healthy control, indicating increased arterial stiffness with differences in FMD were observed. Other potential long-term cardiovascular consequences of the ADHD medication were observed, as youth on ADHD stimulant medication had elevated blood pressure and higher sympathetic nervous system activity. This study gives caution to the overprescription and potential long-term consequences of ADHD treatment via stimulant medication.
Therapies to Improve Vascular Structure and Function
Lifestyle interventions such has aerobic exercise training, resistance training, weight loss, and dietary supplementation have been successfully used in adults to improve both vascular structure and function. 5 However, given the fact that many cardiovascular and metabolic diseases have beginnings in early life, research to examine the effect of lifestyle interventions in both healthy children and those with cardiovascular and metabolic risk on vascular structure and function are warranted to reduce the long-term disease burden. In general, many lifestyle interventions such as aerobic exercise training, weight loss, and dietary or antioxidant supplementation have been demonstrated to improve vascular health in adolescents with and without cardiovascular and metabolic risk factors.
Exercise
Studies that examine the role of exercise on vascular structure and function can be divided into cross-sectional or longitudinal. Those studies that are crosssectional in design typically examine physical activity and encompass both planned and unplanned exercise as well as participation in sport. Longitudinal studies, on the other hand, examine planned exercise that involves monitoring both frequency, intensity, and duration.
Physical Activity
Cross-sectional studies examining the role of physical activity on vascular health have produced mixed results. Abbott and Davies 62 reported that daily physical activity levels in children between the ages of 5 and 11 years was significantly related to FMD with most active children having the highest FMD. In support of this, Schack-Nielsen et al 63 reported that in 10-year-olds the time spent in play or sport participation was inversely related to the arterial stiffness. Conversely, Reed et al 22 found no significant relationship between the total amount of physical activity (estimated with a 7-day questionnaire) with arterial compliance in 9-to 11-year-old children. Similarly, in a group of healthy children and child cancer survivors we found no effect of physical activity levels on measures of carotid compliance and distensibility. 64 There are a number of reasons that may explain the difference in results in these studies. The methods used to determine physical activity (ie, questionnaire, accelerometers, etc) to the age of the children examined need to be considered when comparing the results of these various studies. Another possible explanation may be the intensity of the physical activity that the children and adolescents engaged in. Hopkins et al 65 examined measures of body fatness, peak oxygen uptake (VO 2peak ), levels of physical activity measured using accelerometers, and their relationship to FMD in healthy 10-to 11-year-olds. The authors reported that moderate-tovigorous physical activity (>8 km/h) was the most important variable in terms of influence on those with impaired vascular function. The link with physical activity was independent in the lowest FMD tertile and stronger than any other variable measured. The results of this study suggest that the intensity of the physical activity is important in improving vascular health, especially in children with impaired vascular health.
Aerobic Exercise Training
To date, longitudinal studies that have examined the effects of aerobic exercise training on vascular health have been done in overweight and/or obese children and adolescents. [66] [67] [68] [69] [70] [71] We have demonstrated that an 8-week progressive aerobic (50% to 80% of each individual's peak cardiorespiratory fitness [VO 2peak ]) exercise program delivered 4 times a week for 30 to 50 minutes per session resulted in improvement in FMD in overweight (BMI >85th percentile) youth ( Table 2 ). 67 Similarly, Watts et al 70 demonstrated similar findings in a group of obese (BMI >95th percentile) children after an 8-week of 3 times per week for 60 minutes per session (Table 2 ). Meyer et al 68 assessed a 6-month aerobic exercise program of 3 times per week for 60 min in obese children ( Table 2 ). In addition to an improvement in FMD, Meyer et al 68 reported an improvement in cIMT after the 6-month exercise program. It should be noted that as quickly as an improvement in FMD as a result of aerobic exercise training appears it can be lost just as quickly with physical inactivity. Watts et al 70 reported that after only 6 weeks of inactivity FMD returned to its previous levels ( Table 2) . Not all aerobic exercise training studies have reported an improvement in vascular function in children following aerobic exercise training. Two interventions 52, 73 reported no improvement in vascular function after aerobic exercise training. One possible reason for the lack of improvement may be the intensity of the aerobic exercise training program. Farpour-Lambert et al 66 had obese children exercise for 30 minutes at a low (55% to 65% of VO 2peak ) level aerobic exercise followed by 20 minutes of strength training 3 times per week for 12 weeks ( Table 2 ). The aerobic exercise consisted of walking, ball games, and swimming, which may not have been intensive enough to stimulate a change in vascular structure or function. Lee et al 73 used a similar training program of strength training and low-intensity aerobic exercise training consisting of badminton, soccer, basketball, baseball, and so on, 3 times per week for 10 weeks and reported no improvement in PWV ( Table 2 ). In support of the theory that intensity of the exercise training program is critical to an improvement in vascular function Tjønna et al 74 compared an aerobic interval training (AIT) program that consisted of 4 × 4 minute intervals at 90% of maximal heart rate with each interval separated by 3 minutes at 70% maximal heart rate twice a week for 3 months to a multidisciplinary (MTG) approach that included a very low-intensity physical activity session in obese adolescents ( Table  2) . After 3 months, the AIT and MTG groups increased their FMD by 5.1% and 3.9%, respectively. The 2 groups were encouraged to continue their programs for another 9 months. At 12 months, the AIT group had a 6.1% increase in FMD while the MTG group's FMD had returned to baseline. 74 Therefore, similar to the relationship of FMD and physical activity, 65 the intensity of the exercise training appears to be critical to foster improvements in vascular function in children and adolescents.
Weight Loss
In studies examining vascular health in overweight and obese youth aerobic exercise training and weight loss interventions are frequently combined.
This makes examining the independent effects of aerobic exercise and weight loss difficult. Woo et al 75 examined the effects of weight loss alone and combined with aerobic exercise training in overweight and obsess adolescents (Table 3 ). After 6 weeks there was a significant improvement in FMD in both groups; however the improvement in FMD was greater in the combined weight loss and aerobic exercise group. There was no improvement in EID or cIMT in either of the 2 intervention groups. It should be pointed out that although both groups had an improvement in waist-to-hip ratio, neither group had a change in body mass, percent fat, or fatfree mass. A subset of the children in this study continued to exercise for a full year. In this subset there was a further increase in FMD and a significant reduction in cIMT. Kelishadi et al 76 performed a 6-week combined aerobic exercise and weight loss program ( Table 3 ). The aerobic exercise program consisted of 60 min/session of 30 minutes of fitness activities and 30 minutes of playing games and running, 3 times per week. 76 The authors reported a significant decrease in body weight (57.1 ± 10.2 to 54.7 ± 9.8 kg; P = .02) and a significant increase in FMD (3.3% ± 0.3% to 3.4% ± 0.4%; P = .005). However, there was no improvement in cIMT (0.34 ± 0.05 to 0.32 ± 0.06 mm; P = nonsignificant).
Wunsch et al 82 also performed a combined weight loss and exercise program in obese children (Table 3) . After 1 year, the authors reported a significant reduction in cIMT. 82 The authors reported that only those children who had a significant decrease in body weight over the 1-year program demonstrated a significant decrease in cIMT. To examine the effects of weight loss only on vascular function in children, we performed a 5-month weight loss only study in overweight adolescents, which resulted in significant decreases in body weight (62.5 ± 10.8 vs 60.9 ± 11.2 kg; P = .03) and percent fat (42.9% ± 6.1% vs 39.9% ± 7.2%; P = .03) ( Table 3) . 80 After 5 months of weight loss, there was an improvement in EID (21.5% ± 4.5% vs 25.7% ± 5.4%; P = .05) and a trend for an improvement in FMD (5.8% ± 2.1% vs 6.7% ± 2.2%; P = .08). Iannuzzi et al 79 examined the effects of a 6-month hypocaloric, low-glycemic index diet and a hypocaloric, highglycemic index diet on vascular health in obese children (Table 3) . Both hypocaloric diets observed a significant reduction in cIMT and arterial stiffness following the 6-month diet period. There was no difference in the reductions based on the glycemic index of the diet.
Dietary Supplementation
A few weight loss studies have also involved dietary or supplement interventions such as omega-3 polyunsaturated fatty acid and vitamin supplementation ( Table 3) . 35, 72, 77, 78, 81, [83] [84] [85] Dangardt et al 35 randomly assigned obese adolescents to either 3 months of placebo or 1.2 g/d of omega-3 polyunsaturated fatty acid (Table 3 ). After the 3-month intervention, the authors reported that there was no difference in cIMT, PWV, or reactive hyperemia index (RHI) between placebo and the omega-3 polyunsaturated fatty acid intervention. 35 The AI was significantly lower in the omega-3 polyunsaturated fatty acid intervention group. Engler et al 86 examined the effect of the National Cholesterol Education Program Step II (NCEP-II) diet or supplementation with docosahexaenoic acid (DHA) with the diet on vascular function in children with familial hypercholesterolemia (FH) or the phenotype of familial combined hyperlipidemia (FCH) ( Table 3 ). Children were randomly assigned to supplementation with docosahexaenoic acid (DHA 1.2 g/d) or placebo for 6 weeks, followed by a washout phase of 6 weeks and crossover phase of 6 weeks while continuing the NCEP-II diet. FMD increased significantly after DHA supplementation compared to baseline (P < .001), diet alone (P < .002), placebo (P < .012), and washout (P < .001) phases of the study.
In a 6-week study, Mietus-Snyder and Malloy, 83 examined vitamin C (500 mg 2×/d) and vitamin E (400 IU 2×/d) supplementation in children of FH or FCH on FMD (Table 3 ). There was a significant increase in FMD (2.8% ± 1.6% to 9.1% ± 2.3%, P = .001) after 6 weeks of supplementation. In a similar randomized, double-blind, placebocontrolled trial, Engler et al 77 examined the effects of antioxidant vitamins C (500 mg/d) and E (400 IU/d) for 6 weeks and the NCEP-II diet for 6 months on FMD in children with FH or FCH. There was no significant change in FMD as a result of NCEP-II diet alone. However, FMD increased significantly from baseline in response to combination of vitamins C and E supplementation and diet (5.7% ± 2.9% vs 9.5% ± 4.2%; P < .001). It should be noted that vitamin C has been shown to be a potent vasodilator acutely, thus, whether the improvements shown were due to long-term or acute effects of supplementation are unknown.
To date, one study 81 has examined the effects of vitamin D supplementation on vascular function in children (Table 3) . Dong et al 81 reported that in healthy black adolescents with vitamin D deficiency, who were supplement with vitamin D (2000 IU/d) there was a reduction in carotid-femoral PWV after 16 weeks of supplementation.
Peña et al 72 examined the effect of 8 weeks of oral folic acid (5 mg/d) supplementation on FMD in Type 1 diabetic children (Table 3 ). Using a randomized crossover design, the authors reported that folic acid supplementation increased FMD by 2.58% whereas there was no change in the placebo group. In addition, there was no change in EID after folic acid supplementation. Using a similar crossover design in children with chronic renal failure Bennett-Richards et al 85 reported that folic acid supplementation (5 mg/m 2 /d) for 8 weeks resulted in a significant improvement in FMD, but no change in nitrate-mediated dilation ( Table 3) .
Conclusion and Future Directions
It has been well described that human aging results in IMT thickening within the arterial wall. Either separately or in conjunction with this increase in IMT the artery starts to stiffen and lose elasticity with advancing age. Ultimately these changes in vascular structure and function lead to an overall decline in vascular health with age. What is not known is whether these changes in vascular structure and function are a natural part of the aging process or simply a result of lifestyle choices. Children and adolescents serve as a natural control to investigate the role of aging and lifestyle choices on vascular health. Clearly, diseases such as type 1 and type 2 diabetes, obesity, hypertension, and inflammatory conditions negatively affect vascular structure and function early on in a child's life. Interventions that affect one's lifestyle such as increased exercise, weight loss, or manipulations in nutrient composition can alter the impact of these conditions on vascular structure and function.
Although research in the past decade has increased our overall knowledge about the structure and function of the vasculature little is known regarding the mechanisms that result in improvements in vascular structure and function after exercise training or weight loss or other lifestyle modifications. This is especially true in children where the use of lifestyle modifications to treat various disease and chronic health conditions is just gaining interest. In addition, information regarding the optimal exercise prescription (ie, duration, frequency, intensity) or dietary composition that result in sustained improvements in vascular structure and function is lacking. Future studies need to focus on understanding the mechanisms as well as the exact lifestyle prescription that are necessary to bring about vascular health.
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